Electroanalytical parameters of different graphitic carbon-based electrode materials were compared to select the best one for the pantoprazole electroanalysis. Such parameters include sensitivity, repeatability, residual background current, and signal-tobackground current ratio of the analytical response and such electrodes include conventional carbon-based electrodes such as glassy carbon (GC), carbon paste, edge-plane pyrolytic graphite (EPPG), and basal-plane pyrolytic graphite electrodes and film-coated modified GC electrodes with graphitic carbon-based materials such as carbon nanotube, nanographene, carbon black and graphite powder. The EPPG electrode, after applying a simple electrochemical anodization, showed more acceptable analytical performances compared with the other electrodes. Raman spectroscopy was employed to study the surface structural changes that occurred dring the anodic activation. Calibration plot with a good linearity was obtained in the concentration range of 0.2-25 and 0.02-8.5 µM, and the detection limit was estimated to be 0.055 and 0.0041 µM using cyclic voltammetry and differential pulse voltammetry techniques, respectively. Finally, the electrochemically activated EPPG electrode was used successfully for the determination of pantoprazole in tablet dosage forms and human urine samples with satisfactory results.
Introduction
Pantoprazole (Scheme 1) is a proton pump inhibitor drug used to treat disorders of gastric acid hypersecretion, ulcer disease and gastroesophageal reflux disease. 1 Analytical determination of pantoprazole in pharmaceutical formulations and in biological media is routinely based on chromatographic [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] and spectroscopic methods. [12] [13] [14] [15] Considering the electro-oxidation ability of pantoprazole probably due to the presence of an amino group at the benzimidazole ring of its structure, 16 developing voltammetric methods should be a better approach to its analytical determination because it is well known that these methods can overcome some of the problems associated to the chromatographic or spectroscopic methods. The latter methods always require expensive instruments and time-consuming sample preparation steps while the voltammetric methods provide advantages such as simplicity, low cost, far less expensive instrumentation, rapid analysis time, high sensitivity and portability.
In recent years, there have been extensive works focused on developing electroanalytical methods for the determination of drug dosage forms and drugs in biological fluids, many of which are based on redox reaction of a drug at the surface of solid electrode materials. 17, 18 Selecting the appropriate material as working electrode is perhaps primarily important that influences a successful analysis. Among different electrode materials, carbon-based graphitic materials are perhaps the most appropriate ones due to their relatively wide working potential window, low cost, high electrical conductivity, chemical inertness, low background current, and suitability for surface modification. 19 Particularly, in recent years, nanostructured graphitic carbon forms such as carbon nanotubes and nanographenes have attracted increasing attention as electrode materials for electroanalytical sensing applications owing to their excellent electron-transfer ability and large surface area. 20, 21 The electrochemistry of carbon-based graphitic materials has been well studied during the past few decades and it has been known that different forms of carbons, depending on their microstructural characteristics, show different electrochemical activities. 19, 22 Therefore, in order to achieve better analysis results, it seems to be essential to select the best choice among different available carbon-based materials.
In this paper, in attempt to achieve a highest possible sensitive and analytically reliable voltammetric method for the analysis of pantoprazole, the results of its electro-oxidation at different traditional and nanostructured graphitic carbon-based electrode materials are investigated and compared with each other. So far, direct electro-oxidation of pantoprazole at the carbonbased electrodes has been reported based on carbon paste (CP) 23 and glassy carbon (GC) 24, 25 electrodes. Except carbonbased electrodes, hanging mercury drop (HMD) 26, 27 and chemi-cally modified electrodes [28] [29] [30] [31] [32] have been also used for pantoprazole electroanalysis. At the first part of this paper, electrooxidation of pantoprazole at the CP, GC, edge-plane pyrolytic graphite (EPPG), basal-plane pyrolytic graphite (BPPG), and some nanostructured carbon-based materials such as CNTmodified GC, graphene oxide (GO)-modified GC, and carbon black (CB)-modified GC electrodes are comparatively evaluated . The best results, based on the analytical criteria, were obtained at the EPPG electrode after a simple and fast electrochemical pretreatment. Compared with the other electroanalytical methods reported either based on direct electro-oxidation at the carbon-based electrodes or based on applying chemically modified electrodes, the proposed method showed similar or better performance. In the last part of this paper, determination of pantoprazole at the electrochemically pretreated EPPG at trace level in pure, dosage forms, and in the biological samples (spiked urine samples) is presented.
Experimental

Materials
All chemicals were of analytical grade. Britton-Robinson buffer solutions (BRSs), 0.1 M, were prepared from phosphoric acid (85 %), boric acid, acetic acid and KOH (Merck). The standard pantoprazole (Sigma) solutions were prepared with the same buffer. Graphite powder (GP), <40 µm, was purchased from Merck. Multi-walled carbon nanotube (CNT) (outside diameter 20-40 nm; length 1-2 µm) was purchased from Io-Li-Tec, Germany. Graphene oxide (GO) (lateral lengths of graphene layers 0.5-3.0 µm; thicknesses 0.55-1.20 nm) was obtained from Neutrino Company, Iran. CB powder (Grade N330 V3) was kindly donated by Iran Carbon Co. (Tehran, Iran).
Apparatus
Electrochemistry experiments were performed using a Sama 500 electroanalyzer system (Isfahan, Iran). A platinum plate was used as an auxiliary electrode and an Ag/AgCl (3 M KCl) was used as a reference electrode. The Raman spectra were recorded using a Bruker dispersive Raman microscope (SENTERRA, Germany) operating at laser wavenumber of 785 nm.
Carbon Working Electrodes
Glassy carbon (GC) electrode (geometric surface area 3.14 mm 2 ) was obtained from Azar Electrode Co. (Iran) and was prepared by polishing with slurry of 0.05 µm alumina in distilled water on a polishing cloth. Carbon paste (CP) was prepared by mixing of 0.7 g of GP and 0.3 g of mineral oil in a mortar. A portion of the resulting paste was then packed tightly into a Teflon tube. The paste surface (geometric surface area 10.75 mm 2 ) was smoothed on a weighing paper prior to use. Edge-plane pyrolytic graphite (EPPG) and basal-plane pyrolytic graphite (BPPG) electrodes were prepared by machining a pyrolytic graphite pieces into discs (geometric surface area 7.58 mm 2 ) with the faces parallel with the edge-plane or basal-plane. 33, 34 The EPPG electrode was first polished on emery polishing papers and then on a polishing cloth with slurry of alumina (0.05 µm) in distilled water. The surface of BPPG was renewed by pressing a strip of Sellotape ® onto the electrode surface and then peeling away the top few layers of graphite. 33, 34 GO, CNT, CB and GP were cast onto the GC electrode surfaces. They were first dispersed in N,N-dimethylformamide (1 mg mL -1 ) by an ultrasonic bath. 2 µL of the suspensions were then placed onto the GC electrode surfaces with a micro-pipette. Their solvent was then allowed to evaporate by an infra-red lamp, thereby creating a randomly distributed carbon film on the GC surface.
Electrochemical Pretreatment
Anodic activation of the EPPG electrodes was performed by applying a constant anodization potential of 1.8 V (vs. Ag/AgCl) for 300 s in 0.1 M BRS (pH 5).
The GO-modified GC electrode was reduced electrochemically by applying -1.0 V (vs. Ag/AgCl) for 60 s in 0.1 M BRS (pH 5). It was designated as ErGO-modified GC electrode.
Results and Discussion
Electro-oxidation of Pantoprazole at Different Graphitic Carbon-based Electrode Materials
Figures 1-5 represent typical cyclic voltammograms recorded for 15 µM of pantoprazole in 0.1 M BRS (pH 5) at different conventional and nanostructured graphitic carbon-based electrodes and the results such as peak current (I p ), peak potential (E p ), sensitivity, and signal-to-background current (S/B) ratio are summarized in Table 1 , for ease of comparison.
Sensitivity
The results in Fig. 1 , that shows the overlaid voltammograms obtained at the EPPG and BPPG electrodes, indicate that the electro-oxidation of pantoprazole is significantly influenced by the surface density of electrochemically active graphitic edge-plane sites. It has been well documented that the electron transfer kinetics at the edge-plane sites is significantly higher than that at the basal-plane sites. 19, 22, 34 Among different traditional graphitic carbon-based materials, EPPG is known as a form of carbon whose surface microstructure is almost wholly composed of edge-planes 33, 34 (schematically illustrated in Fig. 6 ). As expected, this electrode also shows more electron transfer activity compared with the GC and CP electrodes (Fig. 1) , whose surfaces partly are composed of electrochemically inert basalplanes. rapidity of the method are among the main goals of this study. By deliberately increasing the amount of surface oxides at the graphitic carbon-based electrodes, the electron transfer kinetics of many biologically important compounds has shown appreciable increases. 19, 22, 34 From Fig. 2 and Table 1 , it is clear that electrochemical anodization has very significant influence on the electrode response, about ten folds increase in I p . This may be attributed to the adsorption/accumulation of pantoprazole molecules from the solution phase on the anodized electrode surface perhaps due to interactions such as hydrogen bonding between generated surface oxides and amine groups of pantoprazole molecules or electrostatic adsorption between some positively charged amine groups of pantoprazole molecules and anionic surface oxygen functionalities. The voltammogram recorded in the supporting electrolyte solution at the anodized EPPG electrode after only dipping in the pantoprazole solution (15 µM) for 180 s, removing from the solution, and washing with distilled water for 30 s (Fig. 2 , dashed-line voltammogram) shows only a slightly lower I p value than that recorded in the pantoprazole solution, which is a good indication of the adsorption contribution to the electrode process.
In Fig. 3 , the same voltammograms obtained at the anodized EPPG electrode is also overlaid on that obtained at the CNT-modified GC electrode. These electrodes show nearly a similar level of I p and E p values ( Fig. 3 and Table 1 ) (it should be noted that the I p values are reported after their corresponding background current subtraction). A high density of the edge sites occurred at the open ends of nanotubes or defects along their side walls in CNT along with a large surface area of the CNT film may provide a high ability to this material to promote the electron-transfer reaction. 21 In Fig. 3 , the voltammograms obtained at the ErGO-modified GC is also compared with that obtained at the CNT-modified GC and anodized EPPG electrodes.
In recent years, nanographene materials have attracted enormous interest for use as electrode in electrochemical applications. 20, 21 Their fundamental electrochemical properties have been also investigated so that for some benchmark redox couples such as [Fe(CN) 6 ] 3-/4-36 and [Ru(NH 3 ) 6 ] 3 /2 37 they show fast electron transfer kinetics. From Fig. 3 and Table 1 , ErGO shows only a slightly lower I p value than that observed at the CNT-modified GC and anodized EPPG electrodes. However, a high residual current and a broad and not well-defined peak ( Fig. 3) are the main drawbacks that cause this electrode to be unacceptable for pantoprazole electroanalysis.
The voltammograms obtained at the CB-modified and GP-modified GC electrodes are also presented in Fig. 3 shown fast, reversible, and a comparable electrochemical performance to that of nanographene. 38 For GP, for the electrooxidation of some biologically important compounds, a similar or a higher level of electrochemical activity has been observed compared with multi-walled CNT 39 or nanographenes. 40 As can be seen from Fig. 3 and Table 1 , none of these electrodes (CB-modified and GM-modified GC electrodes) showed any improvement in their responses over the other electrode studied. In overall, the anodized EPPG electrode produces the highest response sensitivity and after that, by a slight difference, CNTmodified GC electrode shows the highest sensitivity.
Residual Background Current and Signal-to-Background Current (S/B) Ratio
The background voltammograms obtained in the supporting electrolyte solution at different carbon electrodes are depicted in Fig. 4 .
As also mentioned in the previous section, the ErGO-modified GC shows the highest level of residual current and after that, CNT-modified GC electrode, anodized EPPG and CB-modified GC electrodes show approximately a same level of residual current. As can be seen from Table 1 , among the other electrodes studied, the anodized EPPG produces the highest value of S/B ratios. This is because of a high faradaic current together with a relatively low residual current at this electrode.
Repeatability
As reproducible results are very crucial in sensing applications, the reproducibility of the response was also evaluated. Since the anodized EPPG, CNT-modified GC and CB-modified GC electrodes exhibit more acceptable results in terms of S/B ratio, residual current and sensitivity, only the response repeatability of these electrodes was examined by repeating a cyclic voltammetry (CV) scan 7 times while the solution was mixed between consecutive runs for 3 min and allowed to stand for 30 s without mixing before each scan. The relative standard deviation (RSD) of the I p for the anodized EPPG, CNT-modified GC and CB-modified GC electrodes were, in the given order, 4.38 %, 11.42 % and 8.52 %. Fig. 5 , as an example, shows the first, third and seventh voltammograms recorded at the anodized EPPG and CNT-modified GC electrodes. The lower value of RSD (4.3 %) obtained at the anodized EPPG electrode indicates higher stability and repeatability of its signal. This may be attributed to the high density of edge planes on its surface that reduces electrode inactivation by surface adsorption of the oxidation products. 34 Also, compared with the porous nature of the solvent casting-fabricated CNT and CB films, a relatively smoother surface of the anodized EPPG electrode allowed adsorbed reaction products to be cleaned more easily by washing with streaming solution.
Selecting the Best Choice among the Carbon-based Electrodes
In general, it may be concluded from the results in Figs. 1-5 , and Table 1 that the EPPG after anodic activation is a more suitable electrode material for pantoprazole sensing. The EPPG electrode also has some other advantages over CNT or GO such as lower cost and ease of electrode preparation, as in each time after the electrode inactivation, the former can be easily reactivated by a simple mechanical polishing while the latter electrodes need to be fabricated afresh by time-consuming solvent-casting method.
Studying the Microstructural Surface Characteristics of the EPPG Before and After Anodization
A schematic representation of the pyrolytic graphite structure is shown in Fig. 6 . The bulk of pyrolytic graphite consists of stacked graphitic crystallites. Due to the regular arrangement of these crystallites, pyrolytic graphite shows two distinct surfaces, one along (basal-plane surface) and the other orthogonally (edge-plane surface) to the direction of graphitic sheets. 33, 34 Fig. 6 also shows the first-order Raman spectra of the pyrolytic graphite obtained from the basal-plane and edge-plane of both surface. It has been well-known that the Raman spectra of carbon-based electrode materials reflect their surface microstructures very sensitively. 22 As it is clear from Fig. 6 , the analysis performed on both surfaces leads to the prominent G band at 1580 cm -1 and disorder-induced D band located at 1310 cm -1 . The detection of the G band has been attributed to the infinitely extended hexagonal symmetry of graphite planes while the discontinuity of these graphite planes that exist at their edge planes leads to the appearance of D band. 41 The intensity ratio of the D band against RESEARCH ARTICLE M. Hadi and A. Ehsani, 82 S. Afr. J. Chem., 2016, 69, 79-87, <http://journals.sabinet.co.za/sajchem/>. the G band, as expected, is larger in the edge-plane than in the basal-plane. This is also in agreement with several reported studies on Raman spectra of pyrolytic graphite. [42] [43] [44] As shown in Fig. 6 , the anodization induces a significant increase in the D to G band ratio for the edge-plane surface. In Ref. [43] , an increase in the intensity ratio of D to G band has been also observed after heat treatment of the polished edge-plane surface in air and has been attributed to the oxidative removal of the surface contaminants of disordered graphitic layers caused by polishing. The surface contamination with disordered graphitic layers or graphite particles in the polishing debris makes it to take some distance from an ideal edge-plane surface (as shown in the schematic illustration in Fig. 6 ) and to approach, to some extent, to the basal-plane characteristics. Therefore, it can be concluded from these results that, in addition to the effects of generated surface oxide functionalities, the significant enhancement in the electron-transfer activity of the EPPG after anodic activation, could be attributed also to the cleaning effects of anodization.
The potential applied in anodic activation (1.8 v vs. Ag/AgCl) is sufficiently positive to induce oxygen evolution and to obtain the electrode surface covered with a thin film of oxide functionalities, which can mechanically remove the physically adhered graphitic layers or the residual particles generated by polishing.
Analytical Applications
Optimization of Some Operational Parameters
The effect of pH on the oxidation of pantoprazole at the anodized EPPG electrode was studied. At the pH values lower than 3, not well-defined peak shapes were observed. In the pH range 3-5, as it is clear from Fig. 7 , the I p is not very sensitive to pH changes but at the pH values higher than 5, the I p decreases significantly.
As the best peak shape was obtained at pH 5 (Fig. 7) , all measurements were conducted at this pH. The effect of accumulation time and potential on the electrode response was also examined. It was found that accumulation time of 120 s, during which the solution is stirred at 500 rpm, is sufficient to achieve the maximum peak current, the electrode surface becomes saturated with pantoprazole molecules. When equilibration potential was varied from -0.2 to 0.7 V, no significant difference in I p was found, so, 0.0 V was chosen as the accumulation potential for all measurements. Figure 8 shows the cyclic voltammograms for pantoprazole at various concentrations. The I p values are reported as an average of at least three replicate determinations and the plot of I p against concentration of pantoprazole (Fig. 8, inset plot A) shows a linear dynamic range of 0.2-25 µM (86.5-10800 µg L -1 ). The sensitivity of the proposed method was found to be 3.31 µM -1 . The detection limit of pantoprazole was calculated by using the formula 3d/b, where d is the standard deviation of the blank and b is the slope of the calibration curve and has been found to be 0.055 µM (23.8 µg L -1 ). Results from pharmacokinetic studies of pantoprazole are indications of the mean values of plasma concentration from about 10000 µg L -1 to below 10 µg L -1 at about 10 h after oral or intravenous administration to human volunteers. 45, 46 Most of the upper part of this range can be covered reliably by the linear concentration range obtained with the presented method.
Calibration Curve
Differential pulse voltammetry (DPV) technique was also used to achieve a lower linear range of concentration. Fig. 9 shows the differential pulse voltammograms for pantoprazole at various RESEARCH ARTICLE M. Hadi and A. Ehsani, 83 S. Afr. J. Chem., 2016, 69, 79-87, <http://journals.sabinet.co.za/sajchem/>. and the detection limit of the method was calculated to be 4.1 nM (1.8 µg L -1 ) with the signal-to-noise ratio of 3. The linear concentration range obtained with DPV method can reliably cover the lower part of the concentration range of pantoprazole in plasma reported in the published pharmacokinetic studies. 45, 46 
Comparison of the Developed Method with Other Electrochemical-based Methods
The comparison between the analytical performance of the proposed method and other electrochemical methods for the determination of pantoprazole is summarized in Table 2 . Compared with the hanging mercury drop (HMD) electrode, the anodized EPPG electrode shows lower performance in terms of sensitivity and detection limit but in addition to toxicity related problems, the HMD electrode shows a very narrow range of linear concentration. 26, 27 RESEARCH ARTICLE The results in Table 2 also demonstrate that the anodized EPPG has a better response characteristics compared with the other carbon-based electrodes (CP 23 and GC 24, 25 ). Compared with the chemically modified electrodes, [28] [29] [30] [31] [32] the EPPG electrode exhibited a higher analytical performance especially in terms of detection limit and sensitivity (Table 2) . These results indicate that by carefully selecting the best electrode among different available carbon-based structures, it is possible to develop a simple analytical method based on direct electro-oxidation of analyte molecules on the electrode surface and to achieve analytical performance comparable or even better than the methods based on time-consuming and complicated electrode surface modification procedures by metals, 28 metal oxides, 32 or polymers. [29] [30] [31] 
Pantoprazole in Tablets
To demonstrate the applicability of the proposed method, the anodized EPPG electrode was used to determine the content of pantoprazole in a sample of pharmaceutical formulation, Pantomid ® (Tehran Chemie Pharmaceutical Co., Tehran, Iran), using the standard addition method. Some tablets were powdered and homogenized and dissolved into BRS (pH 5). Solutions obtained were filtered to remove the insoluble particulates and then diluted by BRS (pH 5) so that the concentration lay within the range of the calibration curve. In addition to pantoprazole as the active ingredient, composition of tablets includes also inactive excipients such as calcium stearate, crospovidone, hypromellose, mannitol, povidone, propylene glycol, sodium carbonate, sodium lauryl sulfate, titanium dioxide, triethyl citrate, and other ingredients. The characteristics of the calibration curve obtained with the synthetic samples of pantoprazole are greatly the same as those obtained with pure pantoprazole (Fig. 8, inset A) , which indicate that the procedure is able to assay pantoprazole in the presence of tablet excipients without significant interference problem. Also, the influences of some foreign species that may exist commonly in pharmaceuticals samples on the determination of pantoprazole were investigated. It was found that the glucose, malt sugar, sucrose, fructose and dextrin have no influence on the determination of pantoprazole.
Interference Study
In order to estimate if pantoprazole concentration can be analyzed accurately in the presence of some electroactive concomitant substances affecting the selectivity of the proposed method, the influence of ascorbic acid (AA), uric acid (UA) and dopamine (DA), which possibly can occur in some biological fluids, was also tested. The well-defined peak of pantoprazole can be observed from the voltammograms in Fig. 10 , which is obtained in the solutions of AA (100 µM), UA (5 µM) and DA (5 µM) spiked with known concentrations of pantoprazole (3 and 5 µM). The analytical determination of pantoprazole in this solution was performed using the calibration curve method and the resulting recovery values were 93.3 % (±4.1) and 95.3 % (±3.4) for 3 and 5 µM of pantoprazole, respectively. This indicates that the above compounds did not interfere with the determination of pantoprazole and the presence of these compounds has little influence on the pantoprazole electro-oxidation.
Spiked Urine Samples
The feasibility of anodized EPPG electrode was further assessed for the quantification of pantoprazole in a spiked urine sample. Prior to measurements, samples were diluted with BRS (pH 5). The standard addition method was performed for testing recovery. Typical differential pulse voltammograms are depicted in Fig. 9 (inset B) and the corresponding standard addition line is shown in the inset A of this figure. The slope of this line is only a slightly lower than that of the calibration line obtained for the pure drug in the absence of any complex matrix materials (inset A of Fig. 9 ). Measurements were repeated five times and the average percent recovery of 97.5 % (±3.2) obtained shows the validity of the method for determination of pantoprazole in real complex matrix samples.
Comparison of the Proposed Method with Spectroscopicbased or Chromatographic-based Methods
To compare the analytical performance of the proposed method with other analytical methods such as spectroscopicbased or chromatographic-based methods, some published papers are considered and listed in Table 3 . Although the upper part of linear concentration range of the proposed methods in many cases is lower than those of the tabulated methods, it is high enough for the quantitative determination of pantoprazole in its pharmaceutical dosage form simply by CV technique. Also, in many cases, the detection limit and the lower part of the linear range of the presented method is lower than the other methods in Table 3 , which is appropriate for the determination of pantoprazole in plasma or urine samples for clinical studies by DPV technique. These results indicate that the accessible operational concentration range of the presented method is satisfactory. It should also be noted that the main advantageous of the electrochemistry-based methods over spectrophotometric-based or chromatographic-based methods are simplicity, low operating cost, rapid analysis time and portability.
Conclusions
In the first parts of this paper, the results of direct electrooxidation of pantoprazole at different conventional and nanostructured graphitic carbon-based electrode were investigated in order to develop a sensitive, simple and fast voltammetric RESEARCH ARTICLE M. Hadi and A. Ehsani, 85 S. Afr. J. Chem., 2016, 69, 79-87, <http://journals.sabinet.co.za/sajchem/>. method for its analysis. It was found that EPPG, after a simple and rapid anodization treatment, shows exceptional performances compared with the other electrodes investigated. The anodization treatment showed a significant enhancing effect on the electrode response due to enrichment in the surface oxides that can promote the electron transfer by acting as the sites for adsorption or accumulation of analyte molecules but the results from Raman spectroscopy analysis indicated that this enhancing influence can be also attributed to the cleaning effect of anodization.
As a matter of fact, as there are numerous reports in the current literature that recommend the use of nanostructured carbon (such as CNT and nanographenes) as preferred materials in electrochemical sensing applications, one might perhaps at the first glance have expected greater electrode performances for the CNT or ErGO electrodes in the electro-oxidation of pantoprazole but the results in this study indicates, at least, that a preliminary investigation of different carbon-based materials should be a useful attempt to achieve as better analysis results as possible. In the last parts of this paper, the quantitative analysis of pantoprazole in medicinal samples was carried out using the proposed method with satisfactory results as the detected content was in good agreement with the reported values. Also, the practical utility of the method was successfully examined by analyzing spiked urine samples. Owing to simplicity, rapidity and low cost of analysis, this method, based on the anodized EPPG electrode, may be used as a promising alternative to the reported chromatographic or spectroscopic methods. 
